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THE CONTRIBUTION OF COMMON
LANDS TO CARBON SEQUESTRATION:
A CASE STUDY FROM TRIGLAV
NATIONAL PARK IN SLOVENIA

Mateja Smid Hribar, Daniela Ribeiro, Miguel Villoslada

MATEJA SMID HRIBAR

The Triglav National Park is dominated by forests and high mountains.
In the foreground are the mountain pastures of Uskovnica, which
are managed by the Agrarian Community Srednja Vas.
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The contribution of common lands to carbon sequestration: A case study from
Triglav National Park in Slovenia

ABSTRACT: In this article, we explore the role of the Slovenian common lands managed by agrarian com-
munities in providing ecosystem services. The study focuses on the Triglav National Park area with a fairly
high proportion of common lands. We assessed the ecosystem service carbon sequestration, using
MODIS Net Primary Production as a proxy, downscaled to a spatial resolution of 10 m. Despite the mo-
derate overall carbon sequestration capacity of common lands, their forests and scrublands, which cover
14% of Triglav National Park and are characterised by higher productivity, play an important role due to
their spatial extent. However, as Slovenia’s forests have experienced a decline in carbon sequestration capa-
city since 2014, improved management by private owners, including agrarian communities, supported by
national and EU funds, is key to strengthening this vital ecosystem service.

KEYWORDS: commons, governance, ecosystem services, carbon sequestration, forest, MODIS Net Primary
Production, Slovenia

Prispevek skupnih zemljis¢ k zajemu in vezavi ogljika: studija iz Triglavskega
narodnega parka v Sloveniji

POVZETEK: V tem ¢lanku preuc¢ujemo vlogo slovenskih skupnih zemljis¢, s katerimi upravljajo agrarne
skupnosti, pri zagotavljanju ekosistemskih storitev. Studija se osredoto¢a na obmodje Triglavskega narod-
nega parka z dokaj visokim delezem skupnih zemlji$¢. Ocenili smo ekosistemsko storitev zajem in vezava
ogljika, pri ¢emer smo kot priblizek uporabili MODIS neto primarno produkcijo, zmanj$ano na prostorsko
lo¢ljivost 10 m. Kljub zmerni skupni zmogljivosti zajema in vezave ogljika na celotnem obmoc¢ju skupnih
zemlji$¢ imajo njihovi gozdovi zaradi svojega velikega obsega — pokrivajo namrec¢ 14 % Triglavskega narod-
nega parka — in visje neto primarne produkcije, pomembno vlogo. Vendar je zmogljivost slovenskih gozdov
z vidika zajema in vezave ogljika po letu 2014 upadla, zato je za krepitev te pomembne ekosistemske storitve
klju¢no izboljsati upravljanje zasebnih gozdov, vklju¢no z gozdovi agrarnih skupnosti. Pri tem je nujna
podpora nacionalnih in evropskih finan¢nih mehanizmov.

KLJUCNE BESEDE: srenja, upravljanje, ekosistemske storitve, zajem in vezava ogljika, gozd, MODIS neto

primarna produkcija, Slovenija
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1 Introduction

The European Union has set ambitious climate targets, aiming to reduce greenhouse gas emissions by 55%
by 2030 and to achieve climate neutrality by 2050. Among the key strategies to meet these goals is the re-
gulation of land use, land use change, and forestry (LULUCF; Regulation EU 2023/839). The LULUCF
sector is particularly relevant, as it currently functions as a net carbon sink in the EU - absorbing more
carbon than it emits. This is largely due to the capacity of vegetation, particularly forests, to absorb atmos-
pheric carbon dioxide (CO,) through photosynthesis. Forests provide a wide range of ecosystem services
(Brockerhoff et al. 2017), of which carbon storage and sequestration has received particular attention in
recent years due to its crucial role in mitigating climate change (Hu et al. 2022). Proper management of
land resources is therefore essential to enhance the sector’s contribution to climate mitigation. According
to the current EU regulation on LULUCEF from 2018, Member States are required to ensure that emissions
from land use and forestry are balanced by an equivalent removal of CO,. However, under the revised
LULUCF Regulation, more ambitious targets have been set to enhance net greenhouse gas removals.

A detailed account of Slovenia’s greenhouse gas emissions and removals, including key trends, is pro-
vided in Slovenias National Inventory Document 2024 (2024). The LULUCEF sector acts as a significant
carbon sink, accounting for 95% of the LULUCF's total net removal. According to data from the Statistical
Office forests, which covered approximately 58% of Slovenia’s total area in 2023 thus play a crucial role in
reducing greenhouse gas emissions. However, land use changes such as deforestation and natural distur-
bances, notably sleet, windstorms, and droughts since 2014, have reduced this potential. Pintar et al. (2025)
showed that large-scale disturbances and subsequent sanitary felling can significantly affect regulating ecosys-
tem services in Slovenian forests. As noted in the report, net removals from the LULUCEF sector declined
by 35% between 1986 and 2022 mainly due to decrease in sanitary felling and mortality rates (Slovenia’s
National Inventory ... 2024). While Slovenian climate policy participates in the EU Emissions Trading System,
the LULUCEF sector is currently not included in this mechanism. Instead, the LULUCEF sector is governed
by separate regulations and accounting rules within the EU (Regulation (EU) 2018/841). Rather than using
market mechanisms, this requires countries to ensure that removals from forests and other land categories
at least offset emissions. Additionally, according to United Nations, Slovenia supports, but has not yet imple-
mented, the mechanisms of the Paris Agreement, which enables International Carbon Markets (Article 6.2)
and Non-Market Approaches (Article 6.8). Regarding LULUCF commitments, Slovenia has set two natio-
nal goals: 1) for the period 2021-2025, the objective is to ensure that emissions do not exceed removals; 2)
for the period 2026-2030, Slovenia aims to achieve net removals, with a minimum of 0.14 million tonnes
of CO; equivalent by 2030 (European Commission 2025).

According to the Slovenian Forest Service, 77% of Slovenian’s forests are privately owned, 20% are state-
owned, and 3% are owned by municipalities (Zavod za gozdove Slovenije 2024). The Slovenian state forest
company (SiDG) is the most important forest owner in Slovenia, followed by the Ljubljana Archdiocese.
However, agrarian communities are also notable forest owners. As in other Alpine regions and also other
European countries, these communities predominantly manage the so-called forest commons, i. e. com-
mon forest lands (Bogataj and Kr¢ 2014; Gatto and Bogataj 2015; Bogataj and Kr¢ 2023; Nogueira et al.
2023; Pagot and Gatto 2024; Pagot et al. 2025; Smid Hribar 2025). Bogataj and Kr¢ (2014) demonstrated
that, following the sleet storm in February 2014, agrarian communities in the Postojna regional forest dis-
trict of the Slovenia Forest Service organised and harvested the damaged forests more quickly than other
forest owners (with the exception of large-scale private owners).

In recent years, various primarily qualitative studies have recognised significant role of common lands
in providing ecosystem services (Smid Hribar et al. 2023; Pagot et al. 2025), as well as their importance
for achieving the Sustainable Development Goals (Haller et al. 2021). Yet studies that approach this topic
using quantitative assessments, such as in terms of ecosystem service provision, are lacking. One of such
rare studies was presented by Pagot and Gatto (2024), who found that the attitudes of community-owned
forest institutions towards providing forest recreation do not differ much from those of other private fo-
rest owners. Based on landscape analysis, Smid Hribar (2025) revealed that common lands in Triglav National
Park (TNP) make a significant contribution to biodiversity and nature conservation.

Therefore, the aim of this article is to contribute to a better understanding of the role of agrarian
communities in providing ecosystem services, focusing particularly on carbon sequestration in protected
areas, such as the TNP. The specific objectives of the study were 1) to assess ecosystem service carbon
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sequestration, which is classified under the Common International Classification of Ecosystem Services
(CICES v5.2; code 2.3.6.1; Haines-Young 2023) in the TNP and 2) to determine the extent to which
agrarian communities contribute to this ecosystem service.

2 Materials and methods
2.1 Study area

The research was conducted in the TNP, located in the northwestern Alpine region (Figure 1). Covering
approximately 84,000 hectares, around 4% of Slovenia’s territory, the TNP is divided into three protection
zones, each with distinct management regimes (Table 1). The predominant land cover in the park is fo-
rest, followed by high (rocky) mountain areas (Table 3). This area was chosen primarily because common
lands managed by agrarian communities make relatively high proportion — up to 24% of the park’ total
surface (Smid Hribar 2025).

Despite its protection, the TNP supports various land uses, including economic, recreational, and tourism
activities. Managing these uses requires careful negotiation and integration of multiple, and at times con-
flicting, interests. This multifunctionality underscores the need to assess and manage ecosystem services
and thus ensure that conservation objectives are balanced with the sustainable use of natural and cultu-
ral resources. In this area, three ecosystem services — pollination, recreation, and fodder provision were
assessed (Smid Hribar et al. 2025). The main focus of this article is to assess carbon sequestration, which
is currently perceived as one of the most essential ecosystem services for mitigating anthropogenic climate
change due to greenhouse gas emmisions.

Table 1: Protection zones and their management in the TNP.

Protection zone Management regime Sharein the TNP
First protection Primarily intended for the protection and preservation of natural values, wilderness areas, 37.5%
Zone species, habitats, and natural ecosystem processes without human intervention. Traditional

grazing on managed mountain pastures and preservation of related cultural heritage

are permitted.
Second protection [t aims to preserve natural values and cultural heritage, prevent new burdens, and gradually 38.6%
Zone align with the objectives of the first protection area. It also allows traditional resource use for

environmentally friendly agriculture, forestry, and sustainable game and fish management.
Third protection [t aims to preserve biodiversity, natural values and cultural heritage, landscape qualities, 23.9%
Z0ne and settlements, while promoting sustainable development in line with national park

objectives.

2.2 Assessment of carbon sequestration in Triglav National Park

We assessed the carbon sequestration, which refers to the regulation of chemical composition of atmos-
phere and oceans, and the maintenance of continental atmospheric/oceanic circulation patterns, through
the fixation and storage of carbon in plant biomass (Haines-Young 2023). Annual Net Primary Production
(NPP) was used as a proxy for this service. NPP represents the net amount of carbon captured by plants
through photosynthesis each year (Melillo et al. 1993; Cao and Woodward 1998), and thus expresses the
carbon flux between the atmosphere and terrestrial vegetation (Goetz and Prince 1996). We acknowledge
that NPP primarily captures the carbon uptake component of sequestration, and not the long-term sto-
rage in biomass and soils. It also does not explicitly consider losses of carbon due to heterotrophic respiration,
decomposition or disturbances. Nevertheless, NPP provides a widely used and well-established proxy for

Figure 1: TNP, the only national park and the largest protected area in Slovenia, is located in the northwest of the country. » p. 79

78



Acta geographica Slovenica, 65-3, 2025

aymsu] [ea1ydesSoan IR UOUY NZVS DUZ ©

OSYY ‘SUND 221n0g

unyeg J[oA eouely :Aq dejpy

uny ¢
[Uig 0¢ 0T [ 0

suoz uonsdjoid payy, ]
suoz uonddjo1d puodes
suoz uonpajoxd sy [

yred TeuoneN e[Sy, [

2 .fw\ﬂ\ \&mfn.
: Y 7 gl
N b xm\\m.\ f " 4
" » 2 /
©10g0S BISININ ) R \uaw,u%ma
3 o BV g P AL
% ; iy ARG S ST
% A W .
Sl / o J
‘ : - 7 %Wﬂ\\ N

79



Mateja Smid Hribar, Daniela Ribeiro, Miguel Villoslada, The contribution of common lands to carbon sequestration ...

assessing ecosystems’ contribution to climate regulation. We used MODIS NPP as a proxy for the carbon
sequestration of each land use type, representing the ecosystem’s annual contribution to global climate
regulation. MODIS NPP data for the TNP were obtained through Google Earth Engine (GEE), using the
MOD17A3HGE061 product, which provides annual NPP allocated to both, above and below ground bio-
mass at a spatial resolution of 500 m (De Leeuw et al. 2019). Annual NPP is derived from the sum of all 8-day
net photosynthesis products for the year 2024 (Heinsch et al. 2003).

The coarse spatial resolution of the MODIS NPP product (500 m per pixel) limits its ability to cap-
ture the fine-scale mosaics of forest and agricultural land in the study area. To address this scale mismatch,
we downscaled the MODIS NPP data to 10 m resolution, matching that of the EU Copernicus High Resolution
Layers.

For the downscalling procedure, we selected a set of copredictors that are strongly linked to the veg-
etation productivity dynamics. To account for phenological events and dynamics, we utilized the High
Resolution Vegetation Phenology and Productivity (HR-VPP) metrics provided by the Copernicus pro-
gramme. The HR-VPP dataset consists of 13 raster layers at 10 m resolution, derived from Sentinel-2 image
time series with a temporal resolution of five days. To produce the Plant Phenology Index (PPI) time series,
the TIMESAT 4 algorithm is employed for smoothing and gap-filling (Jonsson and Eklundh 2004). Seasonal
metrics are extracted by applying a sum of double logistic functions, which also delineate the phenolog-
ical seasons (Jonsson et al. 2018). For a comprehensive description of the HR-VPP processing workflow,
see Smets et al. (2023). From the HR-VPP collection, we selected six metrics (see Table 2 for more details),
which we obtained from the WekEo data portal (https:/www.wekeo.eu/).

In addition to the HR-VPP, we computed the median of three vegetation indices (Table 2) in GEE cor-
responding to the vegetation period June 1 - August 31, 2024, corresponding to the peak growing season.
The indices were chosen for their good performance in previous studies, and their ability to distinguish
relative differences in productivity, chlorophyll content, and vegetation density (Villoslada et al. 2024). The
scenes used to compute the indices were obtained from the level 2A collection in GEE. We applied an atmos-
pheric correction to obtain surface reflectance values using the Sen2Cor processor (Main-Knorn et al. 2017).
We removed cloud and cloud shadow contamination by masking pixels based on cloud probability esti-
mates from the Sentinel-2 dataset available in GEE, generated using the s2cloudless algorithm. Finally, we
set the percentage of cloud cover threshold at 30%.

Once we compiled all the copredictors, we transformed the MODIS NPP scene into a vector grid, assign-
ing each polygon the corresponding NPP value. We then calculated the median value of each copredictor
within each vector cell to avoid pseudoreplication. To downscale the resolution of MODIS NPP and match

Table 2: Description of the copredictors used in this study to downscale MODIS NPP at 500 m per pixel to a spatial resolution of 10m per pixel.

Co-predictor Formula/Description Reference

Season Amplitude Corresponds to the difference between the maximum and the minimum Plant Smets etal. (2023)
Phenology Index values reached during the growing season.

Season Length Corresponds to the number of days between the start and end of the season Smets etal. (2023)
dates computed hased on the Plant Phenology Index.

Seasonal Productivity Corresponds to the sum of daily Plant Phenology Index values during the growing Smets etal. (2023)
season minus their base level value.

Total Productivity Corresponds to the sum of daily Plant Phenology Index values during the growing season. ~ Smets et al. (2023)

Maximum Season Value The peak value reached by the Plant Phenology Index during the growing season. Smets etal. (2023)

Start-of-Season date Corresponds to the date when the Plant Phenology Index reaches 25% of the season Smets et al. (2023)
amplitude during the green-up period.

Normalised Difference (NIR = Red) / (NIR + Red) Rouse et al. (1974)

Vegetation Index (NDVI)

Green Normalised Difference  (NIR — Green) / (NIR + Green) Gitelson et al. (1996)

Vegetation Index (GNDVI)

Enhanced Difference 2.5[(NIR—Red) / (NIR + 2.4 X Red + 1)] Jiang et al. (2008)

Vegetation Index (EVI2)
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it with that of the Copernicus High Resolution layers (10 m per pixel), we employed an Extreme Gradient
Boost Algorithm (XGBoost). We selected the XGBoost algorithm for its effectiveness in regression tasks
(Zhang et al. 2019) and its resilience to noise and class imbalance. Model development and spatial down-
scaling were carried out using the raster (Hijmans et al. 2015) and xgboost (Chen et al. 2019) packages in
R. Hyperparameter tuning — covering learning rate, number of trees, minimum samples per leaf, maxi-
mum tree depth, number of features considered for splits, and gamma (y) — was performed using the mlr
package (Bischl et al. 2016) through 100 optimization rounds with five-fold cross-validation. To assess the
importance of individual co-predictors in the XGBoost upscaling models, we used the Gain metric, which
quantifies each variable’s contribution to the predictive performance (Chen et al. 2019). Model training
was conducted over 100 iteration rounds, using a randomly selected 20% subset of the original MODIS
vector polygons to build the predictive model. This sampling strategy ensured sufficient generalization
while minimizing spatial autocorrelation in the training data. All methodological steps were undertaken
in R Studio 2024.09.1.

To validate the models, the XGBoost algorithm predicted a downscaled NPP map within each itera-
tion round. Then, a different random set of MODIS NPP polygons (20% of the initial set, non-overlapping
with the training set) was used to calculate the mean value of the downscaled NPP map within each MODIS
polygon. In each iteration round we calculated R2, Root Mean Squared Error (RMSE), range-normalised
RMSE (nRMSE), Mean Absolute Error (MAE), and bias. Finally, we calculated the mean of the validation
metrics over all 100 iteration rounds. The final NPP downscaled map represents the mean of all maps pro-
duced through each model run.

Using the resulting 10 m resolution NPP data and land use data from the Ministry of Agriculture, Forestry
and Food for 2024, we performed zonal statistics to calculate the average NPP for each land use type. To
assess whether specific forest characteristics — such as protective forests that safeguard land from erosion,
wind, flooding, and other hazards - influence carbon sequestration, we repeated the procedure using an
additional dataset (Zavod za gozdove Slovenije 2024).

To facilitate the interpretation of spatial patterns, NPP values were classified using the Quantile method,
which divides the dataset into intervals containing an equal number of observations. This approach ensures
a uniform frequency distribution across classes, although class widths may vary depending on the under-
lying data distribution.

Water bodies and greenhouses were excluded from further analysis due to their marginal relevance
to vegetation-based carbon dynamics and the inherent limitations of NPP models in aquatic environ-
ments.

2.3 Analysis of the role of agrarian communities in carbon sequestration in Triglav
National Park

To assess the role of common lands in carbon sequestration, we analyzed mean NPP values on common
land areas using Zonal Statistics in ArcGIS PRO. The shapefile of common lands in the TNP was obtained
from Smid Hribar (2025) and corrected from sliver polygons.

3 Results

3.1 Land use in Triglav National Park

The spatial analysis of land use revealed that forests dominate the TNP, covering 38,878.1 ha, which accounts
for nearly half of the entire area (46.3%). They are followed by scrubland (15,908.9 ha; 18.9%), dried open
areas with special vegetation (12,157.8 ha; 14.5%) and open areas with little or no vegetation (8,255.0 ha;
9.8%), mostly representing high-mountain terrain. These four land use categories together constitute 89.5%
of the TNP. Among the remaining land uses, permanent grassland which include meadows and pastures
(5,988.8 ha; 7.1%) stand out, as they give a significant character to the the TNP. Other land use categories
are considerably smaller in extent (Table 3).
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Table 3: Land uses in the TNP in 2024.

Land use Area (ha) Area (%) %inprotection % inprotection % in protection

zone 1 zone 2 zone 3
Arable land 1251 0.0 0.0 50 95.0
Permanent crops on arable land 0.01 0.0 0.0 0.0 100.0
Greenhouse 0.05 0.0 00 0.0 100.0
Intensive orchard 137 0.0 0.0 51 949
Extensive orchard 50.84 0.1 0.0 1.1 9.9
Permanent grassland 5,988.84 7.1 18.8 417 396
Overgrown agricultural area 298.25 04 145 433 42
Trees and shrubs 293.23 03 6.1 27.8 60.1
Uncultivated agricultural land 65.83 0.1 16 242 74.1
Forest trees on agricultural land 1,004.76 1.2 417 447 137
Forest 38,878.10 463 18.5 W 398
Scrubland 15,908.88 18.9 57.7 37.2 50
Built-up area and related surface 479.65 0.6 21 143 83.6
Swamp 10.25 00 0.0 0.0 100.0
Other marshy area 0.38 0.0 0.0 100.0 0.0
Dried open area with special vegetation 12,157.83 145 59.6 384 20
Open area with little or no vegetation 8,255.01 9.8 75.5 24.0 0.5
Water 578.56 0.7 54 67.0 275
Total 83,984.35 100.0

Carbon sequestration in Triglav National Park

We obtained satisfactory results from the XGBoost-based downscaling from 500 to 10 m per pixel, with
an average R? for all modelling rounds of 0.73, and a RMSE average value of 999.1 kgC/ha/year. Table 4
provides an overview of all validation metrics.

The negative bias value (-237.5) points at an overestimation of the NPP by the downscaled models.
Regarding the spatial distribution of the NPP downscaled predictions, the map (Figure 3) follows the expect-
ed distribution of NPP values, with the lowest NPP values shown in the non-vegetated rocky mountain
tops (mainly presented as Open area with little or no vegetation in Table 3) and gradual increase towards
the forested slopes and valleys. The largest NPP values are located in the southern limit of the park fol-
lowing the same trend as the original 500 m MODIS NPP product.

NPP values were classified into four categories based on quantile distribution: low (<5,820kgC/ha/year),
moderate (5,820-7,410), high (7,410-8,250), and very high (>8,250), to allow comparison of productivity
across sites, and can be seen in Table 5 and Figure 3.

Table 4: Prediction accuracies for the downscaled NPP using XGBoost models. Accuracies are reported using the coefficient of determination (R?),
root mean squared error (RMSE, expressed in the same units as the modeled maps), normalized root mean squared error (% RMSE over the range
of original values within the training dataset), mean absolute error (MAE), and average bias (expressed in the same units as the modeled maps).

Metrics R2 RMSE nRMSE MAE Bias
0.73 999.1 10% 7275 -2375

Figure 2: Distribution of land use types in the TNP. » p. 83
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Table 5: Classification of mean NPP across land use types in the TNP

Range mean NPP (kgC/ha/year) (apadity for carbon sequestration
<5,820 Low productivity

5,820-7410 Moderate productivity
7,410-8,250 High productivity

>8,250 Very high productivity

Table 6: Mean NPP by land use type in the TNP.

Land use type Mean NPP (kgC/ha/year) (apacity for carbon sequestration
Permanent crops on arable land 9,466 Very high productivity
Intensive orchard 8,193 High productivity
Extensive orchard 8,189 High productivity
Arable land 8,013 High productivity
Trees and shrubs 7,984 High productivity
Forest 7,841 High productivity
Overgrown agricultural area 7,652 High productivity
Scrubland 7,607 High productivity
Swamp 7,379 Maoderate productivity
Permanent grassland 7,337 Maoderate productivity
Uncultivated agricultural land 7,165 Moderate productivity
Forest trees on agricultural land 7,066 Moderate productivity
Built-up area and related surface 6,965 Moderate productivity
Other marshy area 6,673 Moderate productivity
Dried open area with special vegetation 5,398 Low productivity
Open area with little or no vegetation 3,669 Low productivity

The mean NPP — the average NPP (kgC/ha/year) for each land use type — can be seen in Table 6.

Additionally, we calculated the mean NPP for the TNP and each of its protection zones, as well as for
the TNP’s protective forests, to evaluate the influence of protective status on carbon sequestration capaci-
ty. In 2024, the mean NPP was 6,960 kgC/ha/year for the TNP as a whole, 6,022 kgC/ha/year for protection
zone 1, 7,227 kgC/ha/year for protection zone 2, and 8,013 kgC/ha/year for protection zone 3 (Table 7).
The mean NPP for protective forests was 7,571 kgC/ha/year, which is slightly lower than the mean NPP
for all forested areas in the TNP (7,841 kgC/ha/year).

3.3 Carbon sequestration on common lands in Triglav National Park

Agrarian communities manage nearly one quarter of the TNP (19,400 ha). Forests dominate among the
common land areas (31.9%), followed by high mountain areas, which include scrubland (28.7%), dried
open areas with special vegetation (18.5%) and open areas with little or no vegetation (14.7%), which alto-
gether account for 93.8% of all common land areas in the TNP. The mean NPP calculated in ArcGIS Pro
for the combined area of all types of common lands in the TNP in 2024 was 6,510kgC/ha/year, indicat-
ing a moderate capacity for carbon sequestration. However, the contribution of common lands to carbon
sequestration is different in the different protection zones (Table 7).

Table 7: Contribution of common lands to carbon sequestration in the different protection zones of the TNP.

Protection zone 1 Protection zone 2 Protection zone 3
Area of common lands (ha, %) 12,826 (66%) 5,026 (26%) 1,547 (8%)
Mean NPP in common lands (kgC/ha/year) 6,127 7,232 7,865
Mean NPP in the TNP (kgC/ha/year) 6,022 7,227 8013

Figure 3: Distribution of NPP in the TNP. The map represents the downscaled (10 m per pixel) version of the original MODIS NPP. » p. 85
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4 Discussion

The aim of this research was to improve understanding of the role of agrarian communities in the provi-
sion of ecosystem services through the application of quantitative and measurable methods. The study presents
one of the first quantitative estimation assessments of its kind in Slovenia, and in comparable contexts else-
where, thus contributing to the growing body of literature on common land management and the provision
of ecosystem services (Pagot and Gatto 2024; Gomes et al. 2025).

4.1 Interpretation of carbon sequestration in Triglav National Park

The analysis of mean NPP across land use types and protective zones reveals differences that reflect both
land management and ecological characteristics of this alpine park. Permanent crops on arable land exhi-
bit the highest mean NPP values (9,466 kgC/ha/year), likely due to practices that enhance biomass
productivity. Orchards (extensive and intensive) and arable land follow closely behind, showing that farm-
land contributes significantly to carbon fixation.

The observed NPP values for forested areas, including forests, and trees and shrubs in the TNP (app.
7,841-7,984 kgC/ha/year) are within the ranges reported for temperate and montane forest ecosystems in
the literature. These values can vary substantially depending on species composition, elevation, stand age,
and site productivity (e.g., Clark et al. 2001; Tang et al. 2010). However, this estimate represents an upper
bound on potential carbon uptake in the study area. Actual net carbon sequestration in temperate forests
is generally lower, according to Tolgyesi et al. (2025) between 1,240 and 2,800 kgC/ha/year. Despite co-
vering large parts of the TNP and being inherently productive ecosystems, forests are underrepresented
in MODIS-derived NPP estimates. This is likely due to a combination of fragmented polygon sizes, caus-
ing mixed-pixel effects, and terrain-related limitations (e.g., slope, shadows, and seasonal snow cover), which
reduce the reliability of satellite-based productivity detection. These results highlight the importance of
resolution-aware analysis and suggest that forest carbon dynamics in alpine landscapes may require high-
er-resolution or field-calibrated data for accurate quantification.

In particular rocky surfaces and scrublands (Pinus mugo) contribute the least to carbon sequestration,
reflecting limited photosynthetic activity in these land cover types, which aligns with expectations. Overall,
these results highlight the heterogeneity of carbon uptake across land use types in the TNP. They also under-
score the role of agricultural land and forests in maintaining primary productivity, even in a mountainous
protected area context. This suggests that land use mosaics, including traditionally managed agricultu-
ral systems, can complement forest ecosystems in supporting carbon sequestration goals.

Built-up areas show surprisingly high NPP, likely due to mixed-classification pixels. Although certain
land use types (e.g., Permanent crops on arable land) exhibit a relatively high carbon sequestration poten-
tial per unit area, their limited spatial extent within the study area constrains their overall contribution to
total carbon uptake. Conversely, more widespread land use categories (e.g., Permanent grassland), despite
having lower mean NPP values, may play a more significant role in total carbon sequestration due to their
broader coverage. This highlights the importance of considering both sequestration efficiency and spa-
tial distribution when evaluating the carbon dynamics at landscape level.

In addition, the protection status impacts carbon sequestration capacity. Protection zone 1, where graz-
ing is allowed but forest management is excluded, shows the lowest mean NPP, while protection zone 3 has
the highest capacity for carbon sequestration. This difference is partly related to land use composition: as
shown in Table 3, protection zone 1 is largely dominated by rocky surfaces and scrublands, whereas forest,
which is the predominant land use in the TNP, is much more prevalent in protection zones 2 and 3.

Similarly, the mean NPP for protective forests (7,571 kgC/ha/year), which are predominant in Protective
zones 1 and 2, was lower than the mean NPP for all forested areas within the TNP (7,841 kgC/ha/year). This
result may reflect ecological and structural characteristics of protective forests in the TNP that play a key
role in preventing natural disasters (such as erosion, landslides, etc.) as presented by Rozman and Arih (2015).
These forests are often located on steep slopes, on marginal soils or at high elevations, where environmental
conditions are less favourable for biomass production (Klop¢i¢ et al. 2015) but are crucial for their protec-
tive role (Rozman and Arih 2015). In addition, these forests in the TNP, especially if they are located in the
first protection zone, are not managed (e.g., for timber production) and interventions may be limited to
maintain stability and protective functions (Poljanec et al. 2015).
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In any case, it is important to mention that sequestration is just one way in which forests contribute
to mitigate climate change. Carbon sinks are even more important, so it is crucial to preserve existing forests
that store carbon, even if they are older and have a lower capacity for carbon sequestration (Kilpeldinen
and Peltola 2022).

4.2 The role of common lands

In addition to their significant contribution to biodiversity and nature protection presented by Smid Hribar
(2025), we anticipated that common lands in the TNP would also play a substantial role in carbon seques-
tration, especially considering that nearly a quarter (24.0%) of the TNP is managed by agrarian communities,
and that forests and scrubland cover more than half (60.6%) of their common lands. However, this expec-
tation was tempered by the fact that 33.2% of these common lands consist of rocky surfaces and scrublands
all of which have significantly lower carbon sequestration capacity (see Table 6). In addition, two-thirds of
their common lands (Table 7), are in protection zone 1, where forest management is not allowed. As a result
the mean NPP of all common lands and their capacity to carbon sequestration was considerably reduced.
Thus, based on our assessment, common lands in the TNP exhibit a moderate overall capacity for carbon
sequestration. While this contribution is lower than initially expected, it is important to highlight that the
extent of spatial distribution of communally owned forests and scrublands accounts for just over a fifth
(21.5%) of all forested and scrubland areas in the park and 14.0% of the total area of the TNP, demon-
strate a higher carbon sequestration capacity, despite the mean NPP across all common lands remains
moderate. Taking this into account, we conclude that forest commons in the TNP still make a meaning-
ful contribution to carbon sequestration.

On the other hand this analysis might also suggest that protective forests within common lands in
Protective zone 1 in the TNP more significantly support other ecosystem services, such as erosion pre-
vention, wind protection, nature-based recreation, etc. Therefore, further empirical research is needed to
better assess the common lands contribution for broader society.

Furthermore, although our results indicate a lower mean NPP in common lands within the TNP com-
pared to those reported for common lands in Northern Portugal (Gomes et al. 2025), this difference likely
reflects contrasting ecological conditions, forest types, and climatic influences between the Alpine and Sub-
Mediterranean regions as well as differences in forest management practices (as mentioned in Table 1, in
the TNP protection zone 1 forest management is not allowed, while protection zones 2 and 3 allow cer-
tain practices). The Alpine landscape of the TNP is characterized by cooler temperatures, shorter growing
seasons, and higher elevations, which can constrain productivity. In contrast, the sub-Mediterranean con-
ditions in Northern Portugal, particularly in managed Pinus pinaster forests, may promote higher biomass
production and accumulation under favorable site conditions.

4.3 Limitations

While the MODIS-derived NPP data provide valuable insights into spatial patterns of vegetation produc-
tivity, there are several limitations to using this product as a proxy for carbon sequestration. First, MODIS
NPP estimates are based on light use efficiency models and a coarse spatial resolution (500 m), which means
that each pixel represents the average productivity of a large area that may contain multiple land use types
or vegetation structures. This coarse resolution cannot accurately capture fine-scale heterogeneity. Thus, small
features such as small agricultural plots or urban structures may be underrepresented within NPP pixels, lead-
ing to generalisations that reduce spatial accuracy. Second, the MODIS NPP does not account for carbon
loss due to disturbance (e.g., forest fires, erosion, etc.) or carbon stored in long-lived biomass pools such as
deadwood or soil organic matter. It therefore represents short-term carbon uptake rather than long-term seques-
tration potential. Furthermore, the algorithm relies on vegetation indices, which can be saturated in dense
tree canopies and influenced by atmospheric or topographic effects, leading to uncertainties. Therefore, while
the MODIS NPP is a useful comparative tool, it should be interpreted with caution and ideally supplemented
with field measurements or higher resolution data to enable robust carbon accounting.

While downscaling MODIS NPP data with Sentinel-2 vegetation indices and HR-VPP layers allows
for finer spatial resolution (10 m) and a better representation of land use heterogeneity, this method also
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comes with limitations. First, the downscaled product is still subject to the temporal and biophysical assump-
tions of the original MODIS NPP data. The improved spatial detail does not reflect direct measurements
of NPP at 10 m, but derived patterns based on vegetation indices and land cover features from Sentinel 2.
Downscaling can also introduce spatial leakage, whereby signals from adjacent land-cover types affect the
downscaled estimates, so NPP from nearby features influences a pixels predicted value. Additionally, although
XGBoost can predict beyond the range observed in training, predictive performance typically degrades
when extrapolating outside the MODIS-supported NPP range. As a result, estimates are effectively con-
strained by the training distribution, with higher uncertainty near or beyond its bounds. Due to the
aforementioned uncertainties, the downscaling process can potentially lead to an overestimation of NPP
values at pixel level. Some of these limitations could be addressed using LIDAR-derived vegetation height.
While this approach may improve the overall precision of estimates, it could disproportionately weight
predictions towards tree-dominated areas. Moreover, the typically low temporal resolution of LIDAR pro-
ducts fails to capture management-driven dynamics. In summary, although downscaling improves spatial
resolution and visual coherence with land use maps, it should be interpreted as a model-derived appro-
ximation of carbon sequestration.

5 Conclusions

We hypothesised that agrarian communities greatly contribute to the sustainable management of their com-
mon lands. However, the available literature lacks information on their management, which is an area for
future qualitative studies (e.g., semi-structured interviews with agrarian community representatives). This
study offers one of the first estimation insights into the role of agrarian communities in ecosystem service
provision focusing specifically on carbon sequestration in the TNP. Our findings underscore the need to assess
both, carbon sequestration potential and spatial extent when evaluating land use contributions to carbon dyna-
mics, as high productivity alone does not necessarily translate into greater overall impact at the landscape scale.

The analysis of common lands managed by agrarian communities showed that, although their overall
carbon sequestration capacity is moderate, particularly their forests and scrublands, i.e. forest commons,
covering 14.0% of the TNP and demonstrating high sequestration capacity, still play a key role in supporting
this essential regulating ecosystem service. However, when it comes to forests, it is important to refer back
to one of the key findings from Slovenia’s National Inventory Document 2024 that Slovenian forests are gra-
dually losing their carbon sequestration capacity. Based on our analysis, this trend suggests that private forest
owners in Slovenia, including agrarian communities (not only those in the TNP, where management is con-
strained by the protection regime), have an opportunity to adopt improved management practices that would
enhance their forests’ carbon sequestration. These practices include: moderate growth accumulation,
reduced harvesting in protective forests, expanding managed forests without intensive interventions, pre-
serving or increasing unmanaged forests (e.g., forest reserves, forests in the TNP), maintaining long rotation
periods (especially in preserved forests), conserving forest areas in agricultural and urban landscapes, and
strengthening forest resilience to climate change and its impacts (Poljanec et al. 2023). Through various nation-
al and European financial mechanisms (e.g., the Forest Fund, the Climate Change Fund, the Rural
Development Programme, etc.), Slovenia already finances measures that contribute to improving the con-
dition of forest stands, making them more resilient in the long term to climate change impacts (such as storms
and droughts), and capable of ensuring effective carbon sequestration (Konjar et al. 2023). In addition, as
previously mentioned, carbon storage of existing forests with their enourmous capacities to retain carbon
is arguably even more important than sequestration for mitigating climate change, which makes the preser-
vation of existing forests (and other intact ecosystems) essential (Cook-Patton et al. 2020). From this perspective,
communaly managed forests play a notable role. Still, as strongly highlighted by Cook-Patton et al. (2020)
and Tolgyesi et al. (2025) carbon sequestration and storage should not be seen as substitutes for reducing
greenhouse gas emissions. Reducing these anthropogenic emissions remains essential.

Last but not least, future studies could benefit from incorporating data from the European Space Agency’s
Biomass satellite. This mission is designed to provide unprecedented insights into how much carbon is
stored in the world’s forests. As it is the first satellite with signal capable of penetrating forest canopies to
measure woody biomass — trunks, branches and stems. Integrating such data would enhance the preci-
sion of carbon sequestration estimates, particularly in complex landscapes like alpine environments and
the long-term role of communal lands in climate regulation.
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